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Ultrasonic Solution Degradations of Polystyrene and
Substituted Polystyrenes in Tetrahydrofuran as Solvent

S. L, MALHOTRA, M. BRETON, and J. M, GAUTHIER

Xerox Research Centre of Canada
Mississauga, Ontario, L5L 1J9 Canada

ABSTRACT

Ultrasonic (70 W, 20 kHz) solution (2% THF) degradations of
polystyrene (PS), poly(a-methylstyrene) (PaMeS), poly(p-iso-
propyl a-methylstyrene) (PpiPraMeS), poly(p-chlorostyrene)
(PpC18), poly(p-bromostyrene) (PpBrS), and poly(p-methoxy-
styrene) (PpOMeS) have been carried out in tetrahydrofuran at
27°C, The average number of chain scissions S (where S =

[(Mn)o/(Mn)tJ - 1), computed from the overall values of (Mn)O

and ﬁn)t’ were found to be different from those of S' (where S*
= a([Mn>0/(Mn)t] - 1)) based on the component {(only that part

of the polymer which is involved in degradation) data of the weight
fraction (@), (Mn)o, and (Mn)t’ St for polystyrene and substituted

polystyrene follows the order PS > PpClS > PpiPraMeS >
PpBrS > PpOMeS > PaMeS. In the case of PS where degrada-
tions were also carried out at -20°C, lowering of the tempera-
ture increased the weight fraction of polymer degraded as well

as S. Based on the viscosity and GPC data, it is concluded that
the ultrasonic solution degradation of PS does not lead to branched
polymers.
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INTRODUCTION

Ultrasonic solution degradations of polystyrene [ 1] and poly(a-
methylstyrene) [2J are well documented. When polymer solutions
are subjected to ultrasonic treatments, shearing of polymer mole-
cules yiclds homolytic cleavage [ 3-7] due to cavitation [ 8-14]. These
degradations have been mostly carried out in dilute solutions as cavi-
tation is difficult to achieve in viscous media. Other parameters
which may also affect ultrasonic solution degradation of polymers
are pressure [ 15, 16}, temperature [ 10-17], frequency [ 18] and
intensity [ 10, 19-27] of ultrasound, reactor design | 28-30], and molecu-
lar weights of the starting materials | 17-25]. In the present studies,
ultrasonic solution degradations of polystyrene (PS), poly(¢-methylsty-
rene) (PaMeS), poly(p-isopropyl a¢-methylstyrene) (PpiPraMeS), poly(p-
bromostyrene) (PpBrS), poly(p-chlorostyrene) (PpClS), and poly(p-
methoxystyrene) (PpOMeS) have been carried out at constant condi-
tions of pressure (atmospheric), frequency (20 kHz), intensity (70 W),
and concentration (2% in THF) as a function of time. The principal
resulfs of these studies are reported here.

EXPERIMENTAL
Materials

Polystyrene (Pressure Chemical Co,); poly(p-chlorostyrene),
poly(p-bromostyrene), and poly(p-methoxystyrene), (Aldrich Chemical
Co.); and poly(a-methylstyrene) | 31] and poly(p-isopropyl a-methyl-
styrene) [ 32} were used in the present study.

Degradation Procedure

Ultrasonic degradations of polymer solutions in THF were carried
out in a batch reactor (10 cm long, 2.5 cm diameter, 50 mL capacity),
equipped with a water jacket to maintain a 2°C temperature within,
measured with a Ni-Cr ailoy probe and a Comark digital thermometer
[17, 33]. The sealed steel reactor was screwed onto a threaded nodal
point on a 1,25 cm diameter disruptor horn (Heat systems, Model 375
A with a nominal frequency of 20 kHz). The ultrasonic intensity of
70 W was adjusted using the calibration curve of the meter reading,
the power control setting, and the power output in watts. After soni-
cating the polymer solutions for a desired period of time, these were
transferred to 120 mL capped bottles for viscosity and gel permeation
chromatographic analyses,
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Characterization of Polymers

Viscosity

Calculation of the intrinsic viscosity of the original as well as of
the sonicated polymers was carried out in THF at 25°C as well as
in toluene at 30°C, making use of the flow time measurement data
obtained with Ukbelohde viscometers for at least four concentra-
tions. Knowing the flow time of the solvent and the solutions, the
computation of the intrinsic viscosity [77] is carried out with

() = tim e )

flow time of solution

n../¢= -1
flow time of solvent

Huggins coefficient k is related to [n] by

; / _ 12
(ngp/e) = [n] +kgln]*e (2)
By making use of Mark-Houwink constants K and a [ 34] for

PpClS, PpBrS, and PpOMeS in toluene, molecular weights TVTV were

computed for these polymers. Combining these molecular weights
with those obtained from GPC data, K and a for PpCI1S (1.34 x 10°®
dL/g, 0.54) PpBrS (3.18 ¥ 10°° dL/g, 0.77) and PpOMeS (2.2 < 107°
dL/g, 0.79) were obtained at 25°C.

Gel Permeation Chromatographic Analyses

Molecular weight distributions of polymers were carried out with
a Waters Associates GPC [ equipped with a high pressure solvent
delivery system, (Model 6000 A), ultraviolet absorbance detector
(Model 440) and a differential refractometer (Model R401)] operated
at 25°C, The separating system consisted of four |-Styragel columns
connected in series, each packed with cross-linked polystyrene gel
(by the Waters method) having pore sizes of 500, 1 % 10%, 1 x 10", and
1x10° A, respectively, The flow of solvent was maintained at 1 mL/
min while the concentration of polymer solution was limited to 0.2%
in order to render negligible the “'concentration effects' on the peak
position in the chromatograms, Calibration of the instrument was
performed with PS standards as well as with other substituted poly-
styrenes of predetermined molecular weights. Calibration curve
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relating elution volume Ve and molecular weight M for PS (Egq. 3)

PpCIS (Eq. 4), PpBrS (Eq. 5), PpOMeS (Eq. 6), PaMeS (Eq. 7), and
PpiPraMeS (Eq. 3) are as follows:

In M = 24,03 - 0.440V_ (3)
In M = 25,35 - 0,496V (4)
In M = 22.20 - 0.365V_ (5)
In M = 24.93 - 0,456V (6)
In M = 24.93 - 0,428V (1)

With the help of Egs. (3) to (7), MW and Mn of the degraded homo-

polymers were computed from their uncorrected GPC chromatograms
using the summation method [ 35].

RESULTS AND DISCUSSION

The solution properties of PS (MW = 9.0 X 10°, MW/IVIn =1.3)

before and after its ultrasonic degradation at 27 and -20°C for various
periods of time are presented in Table 1, Molecular weights MW

(Fig. 1) and Mn computed from GPC chromatograms decrease with
increasing irradiation time while the MW/HH ratio remains constant

within 0.2 of 1.35 and do not approach a value of 2.0 which is typical
of random-scission mechanism, This would suggest that even after
480 min of irradiation at 27°C and 240 min of irradiation at -20°C,
the limiting chain-length below which no degradation takes place has
been achieved. Huggins coefficients, kH’ of the degraded polymers

stay within 0,06 of 0.44. This value is characteristic of random
coil, The average number of scissions S (S = [(Mn)O/(Mn)tJ -1

[ 36-40] for the ultrasonic solution degradation of PS (1\7[W =9,0 X 10°)

decreases with increasing irradiation time. These calculations of 8
min__1 are based on the conventional method of using overall values
of (Mn)o and (Mn)t' However, as in ultrasonic solution degradations,

only a part of the polymer is involved initially, so the use of overall
molecular weights is questionable. In order to overcome this objec-
tion, an alternate approach of analyses was developed [ 41, 42] where
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FIG. 1. Variation of molecular weights as a function of irradiation
timeforPS(M =9,0 x10°): () 27°C and () -20°C. (See Table 1

for other data.)

the normalized GPC chromatograms (area under each chromatogram
being unity of degraded polymers) were compared with that of the
original polymer as shown in Fig. 2. One notes that in the first 120
min of ultrasonic degradation (Fig. 2a), an area marked with vertical
hash lines (-) has disappeared from the original distribution and has
reappeared elsewhere, possibly that marked with horizontal hash
lines (+). On converting these areas into distributions (Fig. 2b), one
can readily visualize the changes resulting from the decomposition
of higher molecular weight species. Making use of (Mn)o and (M )

n't

of these components in conjunction with their weight fraction (a),
normalized values of S' are computed as follows: S' = ([ (M ),
(Mp)t) - 1). o

Figure 3 shows component degradation of PS (M = 9.0 X 10°) at
27 and -20°C for periods of 60, 120, and 180 min. Under identical
conditions of ultrasonic solution treatment of PS, more polymer is
involved in degradation at -20°C than at 27°C. S' min~" values cal-
culated using (M ) (M )t, and @ of these components are presented

in Table 2, Values for the average number of scissions S min™"
(6,0-14.4) x 10™% at 27°C and (16.0-43.2) X 10™° from the overall
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REFRACTIVE INDEX INCREMENTS (normalized scale)

I I 1 i

22 23 24 25 26 27 28 29 30 31
ELUTION VOLUME (ml)

FIG. 2. Graphical method of analysis by which GPC distribution
curves are broken down into their components: case of PS (MW =9,0

% 10°) subjected to ultrasonic treatment at 27°C for a period of 120
min,
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FIG. 3. Component degradation of PS (M—w =9.0 x 10°) at 27 and
-20°C for periods of 60, 120, and 180 min. (See Table 2 for other

data.)
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PaMeS

0 min

120 min
—

480 min

REFRACTIVE INDEX INCREMENTS (normalized scale)

22 24 26 28 30 32 34 36 38
ELUTION VOLUME (ml)

FIG. 4. Normalized GPC chromatograms before and after ultra-
sonic solution degradation of PaMeS at 27°C for various periods of
time. (See Table 3 for other data.)
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PaMeS

REFRACTIVE INDEX INCREMENTS (normalized scale)

ELUTION VOLUME (mi)

FIG. 5. Component degradation of PaMeS (Mw = 2,0 X 10°) at 27°C

for various periods of time. (See Table 4 for other data.)

molecular weights are higher than those (4.0-7.6) x 107 at 27°C and
(16,0-22,0) X 1072 at -20°C computed on the basis of component analy-
ses, This suggests that data on S min ' cited in the literature should
be treated with caution,

In Table 3 are presented data on molecular weights, viscosity, and
ky; for the ultrasonic solution degradation of PeMeS (MW = 2.0 X 10°)

at 27°C. Mw decreases with increasing irradiation time; however,

Mn values do not show significant decreases on irradiation. This

. e =1 P
does not permit to evaluate S min~', However, S' min™ ', computed

from normalized GPC distribution (Fig. 4) comparisons leading to
component tracing (Fig, 5) and their analyses (Table 4) for PaMeS
(1,7-3.98) x 10"* are significantly lower than those for PS., It is
worthwhile mentioning that lower values of ' min™" in the case of
PaMeS as compared to those for PS may arise due to lower initial
MW of the former polymer. S' min™* values ranging from (14.0-32.0)
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PpiPrad MeS
+— 0 min

480 min

REFRACTIVE INDEX INCREMENTS (normalized scale)

20 22 24 26 28 30 32 34 36 38
ELUTION VOLUME (mi)

FIG. 6. Normalized GPC chromatograms before and after ultra-
sonic solution degradation of PpiPraMeS (MW = 2.0 X 10°) at 27°C for

various periods of time, (See Table 5 for other data.)

% 10°% at 27°C and (53.0-116.0) < 10™% at -20°C for PS (MW = 1.8 %
10°) [ 42] are higher than those for PS (M_W = 9.0 X 10°) which varied

from (6.0-14.4) x 107 at 27°C and (16.0-43.2) x 10°® at -20°C.
In Table 5 are presented data on molecular weights, viscosity, and
kH for the ultrasonic solution degradation of PpiProMeS (MW =2.0%

10°) at 27°C, Mw decreases while Mn remains essentially con-

stant on increasing the irradiation time, S' min~* calculated

from the normalized GPC distribution (Fig. 6) comparisons
leading to component tracing (Fig. 7) and their analyses (Table 6) for
PpiPraMe$ (3.8-30.2 x 107%) are far greater than those for PaMeS.
This is also reflected in the decrease of overall Mw (Fig. 8) for the

two polymers, viz., PaMeS and PpiPraMeS, with identical initial ﬁw
where the latter degrades faster than the former. One may be tempted
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FIG. 7. Component degradation of PpiPraMeS at 27°C for various

periods of time, (See Table 6 for other data.)
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2
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FIG. 8. Variation of molecular weights, MW, as a function of

irradiation time for PaMeS and PpiPraMeS at 27°C. (See Tables 3
and 5 for other data.)

to conclude that the para substituent isopropyl in PpiPraMeS has
something to do with it; however, it should be noted that there are
more higher molecular weight species (Mw/Mn = 6.0) in PpiPraMeS

than in PaMeS (_MW/Mn = 3.37). In Fig. 8 are shown variations of
overall T\KW as a function of irradiation time for PoMeS and PpiPraMeS,

One notes that the latter polymer degrades better than the former,
In Table 7 are presented data on molecular weights, viscosity, kH’

and S min™* for the ultrasonic solution degradation of PpClS (1\_/1W =

1.8 X 10°) at 27°C. F/I_w and Mn’ both decrease with irradiation time.
S min~! values of 25.0 to 268,0 X 10™* from the overall (Mn)0
(Mn)t of PpClS are higher than those for PS which ranged between
14.0 and 44.0 < 107*, §' min™’

and

calculated from the normalized GPC
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REFRACTIVE INDEX INCREMENTS (normalized scale)

PpCIS

0 min
1 30
A

60 »
120
240+
480 ~

| 1 = —

21 22 23 24 25 26 27 28 29 30 31 32 33
ELUTION VOLUME (ml)

FIG, 9. Normalized GPC chromatograms before and after ultra-
sonic solution degradation of PpClS at 27°C for various periods of
time. (See Table 7 for other data.)
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PpCIS, 27 °C

480 min

\
\\l\\ A\l

20 21 22 23 24 25 26 27 28 29 30 31 32
ELUTION VOLUME (ml)

FIG, 10. Component degradation of PpClS (_MW = 1.8 X 10°%) at

27°C for various periods of time. (See Table 8 for other data.)
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-

5 (g-mole-1)

M x10-

0 60 120 180 240 300 360 420 480
IRRADIATION TIME (min)

FIG. 11, Variation of _Mw and Mn as a function of irradiation time
for PS (MW = 1.8 x 10°) [ 42] and PpCIS at 27°C. (See Table 7 for

other data.) (o) PS, MW; (o) PS, Mn; (o) PpClS, M_; and (a)
PpCIS, M . w

distribution comparisons (Fig. 9) leading to component tracing (Fig. 10)

and their analyses (Table 8) for PpClS are lower than those of PS
(MW = 1.8 x 10°) [42]. Higher S min~' values are also evidenced by

the variation of overall Mw and M—n of PS and PpClS as a function of

irradiation (Fig. 11) where the latter polymer degrades faster than
the former,

In Table 9 data are presented on molecular weights, viscosity, kH’
and S min~* for the solution degradation of PpBrS (Mw = 5.6 x 10°) at

27°C, 'Mw and Mn both decrease with irradiation time. The ﬁw/ﬁn

ratio remains constant within +0.1 of 1.4, S min™" values vary from
2.4 to 6.4 X 107 and are lower than those for PS (MW = 9.0 x 10%).

§' min™! calculated from the normalized GPC distribution comparisons
(Fig. 12) leading to component tracing (Fig. 13) and their analyses
(Table 10) for PpBrS ranged between 4.3 and 7.2 X 10° and are of the
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REFRACTIVE INDEX INCREMENTS
(normalized scale)

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
ELUTION VOLUME (ml)
FIG. 12. Normalized GPC chromatograms before and after ultra-

sonic solution degradation of PpBrS at 27°C for various periods of
time. (See Table 9 for other data.)

Pp BrS, 27°C
[
’_
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o2 360 min —————=
£ 2 240 v -\[/4':’\ \\
x 3 I 4 A
PR 180 ¢ / \
a N / \
A 120 ¢ SO M
w E !l’ \
25 \ 360 min
- -
Q< VAN 240
& // AN 180
i / 120
o 4

L L
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ELUTION VOLUME (ml}

FIG. 13. Component degradation of PpBrS (MW = 5,6 x 10°) at 27°C
for various periods of time, (See Table 10 for other data.)
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PpOMeS

" 0 min

\+—— 120 min

20 22 24 26 28 30 32 34 36 38 40 42
ELUTION VOLUME (mi)

FIG. 14. Normalized GPC chromatograms before and after ultra-
sonic degradation of PpOMeS (Mw =17.0 X 10°) at 27°C for various

periods of time, (See Table 11 for other data.)

same magnitude as those for PS (_M = 9.0 X 10°). S'min"" values for

PpBrS are higher than those of § min™*,
In Table 11 are presented data on molecular weights, vxscosxty,
and k for the ultrasonic solution degradation of PpOMeS (M =17.0

X 105) at 27°C, Mw decreases regularly while Mn stays practxcally

constant with increasing irradiation time. S' min™' calculated from
the normalized GPC distribution comparisons (Fig. 14) leading to
component tracing (Flg. 15) and their analyses (Table 12) varied be-
tween 3.14 and 9.4 X 10° and are lower than those for PpBrS. These
are also lower than those for PS (M =9,0 x 10° ). Variation of MW

as a function of irradiation time (Fig. 16) for PpBrS and PpOMeS
follows similar trends.

In Fig. 17 are shown the S' values as a function of irradiation time
for the six polymers studied. These follow the order PS > PpClS
> PpiPraMeS > PpBrS > PpOMeS > PaMesS.
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FIG. 15. Component degradation of PpOMeS at 27 °C for various
periods of time, (See Table 12 for other data.)
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FIG. 16. Variation of M—W as a function of irradiation time for
PpOMesS and PpBrS at 27°C, (See Table 7 for other data.)
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FIG. 17, Average number of chain scissions, S' min ', computed
from the component degradation data for PS, PaMeS, PpiPraMesS,
PpC1S, PpBrS, and PpOMeS as a function of irradiation time.

CONCLUSIONS

1. Inthe ultrasonic solution degradation of PS at 27°C, branching
is not involved and a further lowering of irradiation temperature
results in higher S min~" §' min~' calculated from component degra-
dation of PS is lower than that of S min~'. This suggests that data
on S min™* cited in the literature should be treated with caution,

2. In polystyrene and substituted polystyrene solution degradatmns
at 27°C, the average number of chain scissions per minute (S' min~ )
follows the order PS > PpClS > PpBrS > PpOMesS.

3. In the solution degradation of PaMeS and PpiPraMeS of similar
M’W, the latter polymer has higher ' min™ values, These do not

result from the p-substituent isopropyl group in PpiPraMeS but may
be ascribed to the presence of a greater proportion of higher molecu-
lar weight species in PpiPraMeS (M /M = 6.,0) as compared to those
in PaMeS (M /M = 3.37).
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Studies are in progress on the ultrasonic solution degradations
of poly(alkyl methacrylates) at different temperatures to better under-
stand the role of substituents and temperature in shear degradations.
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